interactions control the stability of the resulting configuration. Notably, our results suggest that the conformational flexibility of the tRNA molecule has a crucial role in directing the structural dynamics of the PRE complex during translocation.
During the elongation stage of protein synthesis, ribosome-catalyzed addition of each amino acid to the nascent polypeptide chain is followed by the rapid and unidirectional translocation of the tRNA-mRNA complex through the ribosome by precisely one codon. Translocation occurs through a multistep process that requires extensive remodeling of tRNA-ribosome interactions and substantial structural distortions of the ribosome-bound tRNAs relative to the 'ground state' structures of ribosome-free tRNAs [1] [2] [3] . Despite the fundamental importance of translocation to protein synthesis, how the ribosome physically coordinates, regulates and executes this process remains poorly understood.
Recently, single-molecule fluorescence resonance energy transfer (smFRET) studies have shown that deacylation of the peptidyl tRNA bound within the ribosomal peptidyl tRNA-binding (P) site during peptide bond formation enables thermally activated and stochastic structural fluctuations of the resulting PRE complexes [4] [5] [6] [7] [8] [9] . These complexes, carrying deacylated tRNA at the P site and peptidyl tRNA at the aminoacyl-tRNA binding (A) site, oscillate between two major global conformational states. In global state 1 (GS1), the small and large (30S and 50S, respectively, in Escherichia coli) ribosomal subunits are in their nonrotated intersubunit orientation, the tRNAs are positioned in their classical 30S P site/50S P site (P/P) and A/A configurations, and the ribosomal L1 stalk is in its open conformation; in global state 2 (GS2), the ribosomal subunits are in their rotated intersubunit orientation, the tRNAs are positioned in their hybrid P/E (where 'E' denotes the ribosomal exit site, or deacylated tRNAbinding site) and A/P configurations, and the L1 stalk is in its closed conformation 5 (Fig. 1a) . Biochemical data support the view that GS2 is an on-pathway intermediate in translocation 10 and smFRET studies have shown that binding of elongation factor G (EF-G) to the PRE complex markedly shifts the GS1↔GS2 dynamic equilibrium toward GS2 as part of the mechanism through which it promotes translocation [5] [6] [7] [8] 11 . Moreover, pre-steady state smFRET studies have suggested that the GS1→GS2 transition may limit the rate at which EF-G can productively bind and act on the PRE complex to promote translocation 6 ; this has recently been confirmed 12 .
A key regulator of both the GS1↔GS2 equilibrium and translocation is the P-site tRNA. Indeed, the ability of the elongating ribosome to actuate the GS1↔GS2 equilibrium [6] [7] [8] [13] [14] [15] and trigger the productive binding of EF-G 16, 17 that leads to stabilization of GS2 [6] [7] [8] 11, 18, 19 , ribosomestimulated GTP hydrolysis 16, 17 and ultimately translocation 17, 20 depends critically on the presence of a full-length, deacylated P-site tRNA. In addition to the presence and acylation state of the P-site tRNA, the GS1↔GS2 equilibrium and translocation are sensitive to the identity of this tRNA, indicating that specific P-site tRNA-ribosome interactions and/or tRNA structural features unique to each tRNA can differentially modulate the GS1↔GS2 equilibrium and translocation. In the most extensively investigated examples, smFRET studies have shown that, relative to PRE Phe complexes (where 'Phe' denotes a P-site tRNA Phe ), PRE fMet complexes have a GS1↔GS2 equilibrium that is inherently shifted toward GS1 (refs. [6] [7] [8] 10, 14, 15) and, upon EF-G binding, is shifted toward GS2 through a kinetic mechanism distinct from that observed in PRE Phe complexes 7 . Correspondingly, PRE fMet complexes have a slower rate of translocation than analogous PRE complexes carrying elongator P-site tRNAs 10, 20 .
It is not yet known, however, which tRNA-ribosome interactions or aspects of tRNA structure lead to tRNA-mediated regulation of the GS1↔GS2 equilibrium and translocation. In this study, 1 0 4 4 VOLUME 18 NUMBER 9 SEPTEMBER 2011 nature structural & molecular biology a r t i c l e s we investigated how tRNAs regulate the GS1↔GS2 equilibrium by using smFRET to compare the kinetic differences among PRE complexes carrying wild-type and strategically mutated tRNAs. We started by comprehensively characterizing the GS1↔GS2 equilibrium with and without EF-G in PRE complexes carrying an expanded set of wild-type tRNAs at the P site. We show that, relative to all the elongator tRNAs we examined, tRNA fMet uniquely modulates the GS1↔GS2 equilibrium and the ability of EF-G to shift this equilibrium toward GS2. After these initial experiments, we examined a series of PRE complexes carrying tRNA fMet mutants, in which sequence elements unique to tRNA fMet were mutated to the corresponding sequences in elongator tRNA Phe , at the P site. Our studies collectively show that the kinetics of the GS1↔GS2 equilibrium and the ability of EF-G to shift this equilibrium toward GS2 are at least partly dictated by the intrinsic conformational flexibility of the tRNA as well as by specific tRNA-ribosome interactions. Specifically, our results suggest that the GS1→GS2 transition rate is primarily determined by the intrinsic conformational flexibility of the P-site tRNA itself, whereas the GS2→GS1 transition rate is largely determined by the minor groove-minor groove interaction between the aminoacyl acceptor stem of the P/E tRNA and helix H68 of 23S rRNA at the 50S subunit E site. Our proposal that the intrinsic conformational flexibility of the P-site tRNA can modulate the GS1→GS2 transition rate suggests that the ease with which the ribosome can distort the tRNA structure is an important aspect of translocation. This expands the functionally important role of tRNA deformability during translation elongation beyond that already proposed for aminoacyl-tRNA (aa-tRNA) selection [21] [22] [23] . We hypothesize that the differences observed in the dynamics of PRE complexes carrying initiator versus elongator tRNAs in the P site derive from the distinct evolutionary pressures that have been imposed on these tRNAs for optimal performance during the initiation and elongation stages of protein synthesis, respectively.
RESULTS

An intraribosomal smFRET signal reports on GS1↔GS2
Fluctuation of the L1 stalk between open and closed conformations is one of the defining features of the GS1↔GS2 equilibrium 6, 7, 9 (Fig. 1a) . We have previously developed and validated a doubly fluorescently labeled 50S subunit (harboring a Cy5 acceptor fluorophore within ribosomal protein L1 and a Cy3 donor fluorophore within ribosomal protein L9) that yields an smFRET signal sensitive to fluctuations of the L1 stalk between open and closed conformations 7 ( Fig. 1b and Supplementary Methods). Using these doubly labeled 50S subunits, unlabeled 30S subunits, a set of natural, deacylated E. coli tRNAs and a corresponding set of mRNAs ( Supplementary Fig. 1 ), we nonenzymatically prepared two PRE −A fMet complexes (where '−A' denotes a PRE complex analog in which the peptidyl tRNA is absent from the A site) and four PRE −A elong complexes (where 'elong' denotes an elongator P-site tRNA; Fig. 1c Consistent with earlier results 7 , each PRE −A complex has two FRET states centered at FRET efficiencies of 0.56 ± 0.02 and 0.36 ± 0.01, corresponding to the open and closed conformations of the L1 stalk and reporting on GS1 and GS2, respectively. Also, as reported earlier 7 , the smFRET-versus-time trajectories partition into three subpopulations depending on whether the complexes exclusively occupy GS1 (SP GS1 ), exclusively occupy GS2 (SP GS2 ) or fluctuate between GS1 and GS2 (SP fluct ) before fluorophore photobleaching ( Fig. 2) . PRE −A complexes carrying different P-site tRNAs had unique population distributions between the open and closed L1 stalk conformations ( Fig. 3) . Notably, the tRNA-dependent trend in K eq values for the equilibrium between the open and closed L1 stalk conformations ( 8 in K eq values for the equilibrium between the nonrotated and rotated intersubunit orientations in the analogous PRE −A complexes. This observation supports a model in which the open and closed conformations of the L1 stalk are coupled to the nonrotated and rotated intersubunit orientations of the ribosome, respectively, within the GS1↔GS2 equilibrium 5,6 (see Supplementary Discussion).
PRE −A fMet complexes have distinct GS1↔GS2 dynamics
Relative to all four PRE −A elong complexes we examined, the two PRE −A fMet complexes had a higher occupancy of GS1 (Figs. 2b and 3 and Table 1 ). These results expand upon earlier smFRET 7, 8 and biochemical 10, 14 studies, suggesting a general distinction between the dynamics of PRE complexes carrying initiator versus elongator tRNAs. Dwell-time analyses of the smFRET data (see Online Methods and Supplementary Methods) reveal the kinetic mechanism underlying this difference, indicating that the higher occupancy of GS1 shown by the PRE −A fMet-1 complex relative to the PRE −A elong complexes is driven almost exclusively by a two-to three-fold faster rate of GS2→GS1 transitions (k GS2→GS1 ), with almost no effect on the rate of GS1→GS2 transitions (k GS1→GS2 ; Table 1 ). For the PRE −A fMet-2 complex, the two-to three-fold faster k GS2→GS1 observed in the PRE −A fMet-1 complex is further augmented by a 30-70% slower k GS1→GS2 relative to the PRE −A elong complexes ( Table 1) . Consistent with earlier reports, binding of EF-G to PRE −A fMet-1 and PRE −A fMet-2 complexes in the presence of the nonhydrolyzable GTP analog guanosine 5′-(β,γ-imido)triphosphate (GDPNP) shifted the GS1↔ GS2 equilibrium toward GS2 ( Fig. 3 ) [6] [7] [8] 11 . This was driven primarily by a three-to six-fold increase in k GS1→GS2 and augmented by a smaller, 30% decrease in k GS2→GS1 ( Table 1) , thus yielding more frequent fluctuations between GS1 and GS2 relative to PRE −A fMet-1 in the absence of EF-G(GDPNP) 7, 11 (Fig. 2b) . In contrast, binding of EF-G(GDPNP) a r t i c l e s to all four PRE −A elong complexes led to a strong stabilization of GS2, corresponding to a large reduction in k GS2→GS1 , so that fluctuations toward GS1, should they occur, were either too rare and/or fast to be observed within our detection limits ( Figs. 2b  and 3) . Confirming our and others' earlier suggestions 7, 8, 11 , these data demonstrate that the presence of tRNA fMet at the P site of PRE complexes distinctly regulates the effect of EF-G binding on the kinetics of GS1→GS2 and GS2→GS1 transitions.
Generation of tRNA fMet mutants
We next sought to determine whether tRNA structural features unique to tRNA fMet cause P-site tRNA fMet to differentially regulate the GS1↔GS2 equilibrium. Comparative sequence analysis of bacterial tRNAs revealed the existence of three such structural features [25] [26] [27] : (i) three consecutive G-C base pairs within the anticodon stem of tRNA fMet that we encountered in <1% of elongator tRNAs; (ii) a mismatched base pair between nucleotides 1 and 72 of the aminoacyl acceptor stem of tRNA fMet that is a Watson-Crick base pair in elongator tRNAs and (iii) a purine-pyrimidine base pair between nucleotides 11 and 24 of the D stem of tRNA fMet that is flipped to a pyrimidine-purine base pair in elongator tRNAs. Biochemical and structural studies have shown that these three features of tRNA fMet are specifically recognized by methionyl-tRNA transformylase and by translation initiation and elongation factors for effective discrimination of tRNA fMet from elongator tRNAs. This ensures proper biosynthesis and selection of fMet-tRNA fMet at the start codon during translation initiation and prevents its incorporation at internal AUG codons during translation elongation [26] [27] [28] [29] . Because the regions of the P site-bound tRNA containing these three features all establish extensive interactions with the ribosome that are remodeled during GS1→GS2 and GS2→GS1 transitions [30] [31] [32] [33] , we reasoned that the divergent dynamic behavior we observed in PRE −A fMet complexes may originate from one or more of these three tRNA fMet structural elements. To determine how each of these structural features of tRNA fMet contributes to the GS1↔GS2 equilibrium, we initially designed three tRNA fMet 2 mutants by changing each of its features to the corresponding features in tRNA Phe : (i) a lower anticodon stem G31A C39U mutant (tRNA Anti ); (ii), an aminoacyl acceptor stem C1G A72C mutant (tRNA Acc ); and (iii) a D stem purine-pyrimidine flip A11C U24G mutant (tRNA D-flip ) ( Fig. 4 
, Online Methods, Supplementary Methods and Supplementary Figs. 2-5).
Disruption of anticodon stem does not affect GS1↔GS2
The occupancies of GS1 and GS2 for PRE −A Anti complexes were not substantially altered relative to PRE −A fMet-2 complexes (compare Figs. 3b and 5a; see also Fig. 2b and Table 1 ). Moreover, k GS1→GS2 and k GS2→GS1 for PRE −A Anti complexes with and without EF-G(GDPNP)
were within the uncertainty of those for PRE −A fMet-2 complexes under the same conditions ( Table 1 ). These results demonstrate that the GS1↔GS2 dynamics observed in PRE −A fMet complexes do not arise from the highly conserved consecutive G-C base pairs within the anticodon stem of tRNA fMet . More generally, these results suggest that the GS1↔GS2 equilibrium is relatively insensitive to the identity of the lower anticodon stem base pairs of the tRNA within the P site of the 30S subunit. This observation is consistent with biochemical data 13 and with comparative structural analysis of X-ray crystallographic structures and cryo-EM reconstructions of GS1-and GS2-like ribosomal complexes [30] [31] [32] [33] , all of which indicate that the transition of the P-site tRNA from the P/P to the P/E configuration predominantly remodels interactions between the P-site tRNA and the 50S subunit, leaving interactions between the anticodon stem of the P-site tRNA and the 30S subunit relatively unaltered ( Fig. 6a) .
5′-terminal base-pairing in acceptor stem lowers k GS2→GS1
Relative to PRE −A fMet-2 complexes, PRE −A Acc complexes have a GS1↔GS2 equilibrium that is shifted toward GS2 (Figs. 2b, 3b and 5b and Table 1 ). Although k GS1→GS2 and k GS2→GS1 are both decreased by conversion of the mismatched C1•A72 base pair within Supplementary Table 1 ).
Normalized population 80 60 a a r t i c l e s the aminoacyl acceptor stem of tRNA fMet 2 to a Watson-Crick G-C base pair, the larger decrease in k GS2→GS1 (by almost an order of magnitude) relative to the smaller ~70% decrease of k GS1→GS2 drives the GS1↔GS2 equilibrium toward GS2 ( Table 1) . Biochemical and structural studies have shown that the aminoacyl acceptor stem of a P/P tRNA makes Watson-Crick base-pairing interactions with the P loop of 23S rRNA within the 50S subunit P site 30, 31, 34 , whereas the aminoacyl acceptor stem of a P/E tRNA docks into a pocket formed by 23S rRNA helices H11, H68 and H74 within the 50S subunit E site, making a minor groove-minor groove interaction with H68 (refs. 32,33,35; Fig. 6a ). Therefore, replacing the mismatched C1•A72 base pair with a Watson-Crick base pair could stabilize both of these interactions, but it would have a much larger effect on the minor groove-minor groove interaction between the aminoacyl acceptor stem of the tRNA and H68 (see Discussion).
Notably, our data suggest that the interactions of the tRNA aminoacyl acceptor stem with the P loop at the 50S subunit P site and H68 at the 50S E site are important regulators of k GS1→GS2 and k GS2→GS1 , respectively. PRE complexes carrying a C1G A72C mutant tRNA fMet analogous to tRNA Acc have a faster rate of sparsomycinpromoted translocation relative to PRE complexes carrying P-site tRNA fMet (ref. 10; sparsomycin is a ribosome-targeting antibiotic that promotes translocation through a mechanism that is closely related to that of EF-G-promoted translocation 36, 37 ). Considered alongside this translocation measurement, our results indicate that the greater stability of aminoacyl acceptor stem-H68 interactions in tRNAs carrying a Watson-Crick base pair at positions 1 and 72 is correlated with a greater rate of translocation (see Supplementary Discussion) .
Altering the D stem or variable loop modulates k GS1→GS2
Similar to PRE −A Acc complexes, PRE −A D-flip complexes have a GS1↔GS2 equilibrium that is shifted toward GS2 relative to PRE −A fMet-2 complexes (Figs. 2b, 3b and 5c and Table 1 ). In contrast with PRE −A Acc complexes, however, the shift toward GS2 in PRE −A D-flip complexes primarily arises from about a three-fold increase in k GS1→GS2 , with no substantial effect on k GS2→GS1 ( Table 1) . To further test the role of the A11-U24 base pair in modulating the GS1↔GS2 equilibrium, we generated an additional tRNA fMet 2 A11C mutant, tRNA D-dis , in which we introduced a mismatched C11•U24 base pair ( Fig. 4, Supplementary Methods  and Supplementary Figs. 2, 3 and 5) . Mirroring the results obtained with PRE −A D-flip , the GS1↔GS2 equilibrium in PRE −A D-dis complexes was shifted toward GS2 relative to that in PRE −A fMet-2 , and this effect arose from an ~1.8-fold increase in k GS1→GS2 and an almost negligible effect on k GS2→GS1 (Figs. 2b, 3b and 5c,d and Table 1 ).
Structural studies show that the D stem of the P/P tRNA makes a minor groove-minor groove interaction with 23S rRNA helix H69 within the 50S subunit P site; this interaction is completely disrupted when the tRNA is repositioned into the P/E configuration within GS2 (refs. 30-33; Fig. 6a) . Although flipping or disrupting the purine-pyrimidine base pair between A11 and U24 could destabilize this minor groove-minor groove interaction, consequently destabilizing GS1 and increasing k GS1→GS2 , X-ray structures of GS1-like ribosomal complexes show that the interactions between H69 and the D stem of a P/P tRNA fMet or tRNA Phe are almost indistinguishable 30, 31 . Furthermore, deletion of H69 does not have a measurable effect on the yield or rate of translocation, suggesting that this interaction is not required for efficient translocation 38 . On the basis of these observations, we posit that the increase in k GS1→GS2 caused by the D stem mutations probably results from the effects that these mutations have on the structural stability of the tRNA itself, rather than from their potential effects on the interactions between the D stem and H69 (see Discussion). a r t i c l e s Further evidence that perturbations to the structural stability of the P-site tRNA might modulate the GS1↔GS2 equilibrium comes from a comparison of PRE −A fMet-1 and PRE −A fMet-2 complexes (Fig. 3a,b ). Similar to PRE −A D-flip and PRE −A D-dis complexes, PRE −A fMet-1 complexes have a GS1↔GS2 equilibrium shifted toward GS2 relative to that in PRE −A fMet-2 complexes, through a kinetic mechanism involving about a two-fold increase in k GS1→GS2 and no detectable change in k GS2→GS1 ( Table 1 ). The only difference between tRNA fMet 1 and tRNA fMet 2 is a change at nucleotide 46 within the variable loop from a 7-methylguanosine ( 7 mG) in tRNA fMet 1 to an adenosine in tRNA fMet 2 (refs. 24,27) . In this case, however, structures of GS1-and GS2like ribosomal complexes show that the variable loop of tRNA fMet does not directly contact the ribosome when tRNA fMet is in either the P/P or P/E configuration 31, 32 , suggesting that slight differences in the structural stability of P site-bound tRNA fMet 1 versus tRNA fMet 2 are responsible for the observed increase in k GS1→GS2 . The notion that the relatively subtle differences in the sequences within the D stems and variable loops of tRNA fMet 2 , tRNA D-flip , tRNA D-dis and tRNA fMet 1 lead to differences in the structural stabilities of these tRNAs is supported by their distinct migrations on a native polyacrylamide gel ( Supplementary Fig. 2 and Supplementary Discussion) .
tRNA fMet double mutant has elongator-like behavior
Despite their ability to shift the GS1↔GS2 equilibrium toward GS2, both PRE −A Acc and PRE −A D-flip complexes rapidly fluctuated between GS1 and GS2 in the presence of EF-G(GDPNP), similarly to PRE −A fMet complexes (Figs. 3a,b and 5b,c and Table 1 ). This suggests that neither replacing the C1•A72 mismatched base pair with a Watson-Crick base pair within the aminoacyl acceptor stem nor flipping the purinepyrimidine base pair between A11 and U24 to a pyrimidine-purine base pair within the D stem of tRNA fMet enables EF-G to modulate (shown in bold) for comparison. d Transition rates were not calculated for PRE −A complexes with smFRET trajectories that primarily or exclusively occupy SP GS2 in the presence of EF-G(GDPNP) ( Fig. 2 and Supplementary Table 1 ).
Aminoacyl acceptor stem mutant D stem mutants
Anticodon stem mutant a r t i c l e s the GS1↔GS2 equilibrium of the corresponding PRE complexes in the same manner as it does in the PRE −A elong complexes we examined. This prompted us to design a tRNA fMet 2 double mutant combining the aminoacyl acceptor stem and D stem mutations (tRNA Acc/D-flip ; Supplementary Figs. 2 and 5) . We found that PRE −A Acc/D-flip complexes had kinetic effects on the GS1↔GS2 equilibrium that were roughly the sum of those observed for PRE −A Acc and PRE −A D-flip complexes. Before the addition of EF-G(GDPNP), the double mutation led to a large, approximately six-fold shift in the K eq governing the GS1↔GS2 equilibrium toward GS2, which was predominantly driven by a decrease in k GS2→GS1 by an order of magnitude and a slight, ~40% decrease in k GS1→GS2 relative to the corresponding parameters for the PRE −A fMet-2 complex (Figs. 3b and 5e and Table 1 ). Notably, although K eq for the PRE −A Acc/D-flip complex was within the range of K eq values for the PRE −A elong complexes, k GS1→GS2 and k GS2→GS1 for the PRE −A Acc/D-flip complex were both ~50-80% slower than those for the PRE −A elong complexes investigated in this study. This indicates that although we have uncovered two structural elements of tRNA fMet that influence its GS1↔GS2 dynamics, additional, unidentified structural features of tRNA fMet probably also participate in this regulation. Nevertheless, in contrast to the PRE −A Acc and PRE −A D-flip complexes, the PRE −A Acc/D-flip complex is highly stabilized in GS2 in the presence of EF-G(GDPNP), with thermodynamic and kinetic behavior indistinguishable from that of the PRE −A elong complexes we examined (Figs. 2b, 3 and 5e) . This result suggests that the structural stability of the P-site tRNA and the interactions this tRNA makes with the ribosome can effectively regulate the ability of EF-G to stabilize GS2. Consequently, it suggests that these features may affect how efficiently EF-G catalyzes translocation.
DISCUSSION
Interactions of P/E tRNA with H68 affect stability of GS2
Our results demonstrate that PRE −A fMet complexes have GS1↔GS2 dynamics with and without EF-G(GDPNP) that differ substantially from those observed in PRE −A elong complexes. Notably, our findings show how specific tRNA-ribosome interactions and tRNA structural features modulate k GS1→GS2 and k GS2→GS1 to drive these differences.
The effects of altering individual tRNA fMet structural features on PRE −A complex dynamics can be interpreted in terms of the ability of each alteration to stabilize or destabilize GS1 and/or GS2. In this regard, structural interpretations based on the available X-ray and cryo-EM structures of GS1-and GS2-like ribosomes [30] [31] [32] [33] are especially enlightening.
The largest effect we observed was a decrease in k GS2→GS1 by an order of magnitude caused by replacing the mismatched C1•A72 base pair with a Watson-Crick base pair within the aminoacyl acceptor stem of tRNA fMet . We speculate that introducing this Watson-Crick base pair stabilizes GS2 by stabilizing the minor groove-minor groove interaction between H68 and nucleotides 70 and 71 in the tRNA aminoacyl acceptor stem [30] [31] [32] [33] 35 . Such an interpretation suggests that this minor groove-minor groove interaction is sensitive to the detailed helical geometry of the aminoacyl acceptor stem. Highlighting the functional importance of this interaction, biochemical studies have shown that PRE complexes carrying a P-site tRNA in which the 2′-hydroxyl at nucleotide 71 has been modified to disrupt its minor groove-minor groove interaction with H68 have a ≥90% reduced rate of EF-G-promoted translocation 39 . In addition to this minor grooveminor groove interaction, a recent molecular dynamics simulation comparing the interactions of H68 with the aminoacyl acceptor stem of either P/E tRNA fMet or tRNA Phe suggests that the universally conserved 23S rRNA U1851•G1891 wobble base pair within H68 can be disrupted such that U1851 can flip out of H68 and establish a wobble base-pairing interaction with G70 of tRNA Phe . Notably, this interaction is not observed in an analogous simulation using a P/E tRNA fMet , providing an additional rationale for the enhanced ability of tRNA Phe to stabilize GS2 relative to that of tRNA fMet (ref. 40 ).
Flexibility of P/P tRNA modulates stability of GS1
tRNA D-flip , tRNA D-dis and tRNA fMet 1 differ from tRNA fMet 2 at a single base pair within the D stem (tRNA D-flip and tRNA D-dis ) or at a single nucleotide within the variable loop (tRNA fMet 1 ). As discussed in Results, the effect of these differences on k GS1→GS2 for the corresponding PRE −A complexes probably originates from differences in a r t i c l e s the structural stabilities of the tRNAs themselves. The characteristic L-shaped tertiary structure of tRNA is determined and stabilized by coaxial stacking of the aminoacyl acceptor and T stems, coaxial stacking of the D and anticodon stems, and a network of base-pairing and base-stacking interactions among the T, D and variable loops 41 . The delicate network of tertiary interactions that stabilizes its the L-shaped structure has been noted since the earliest structural studies of tRNA, as has the possible functional importance of its structurally determined, intrinsic conformational flexibility during protein synthesis 41, 42 .
A well-studied mechanistic step during translation featuring the conformational flexibility of tRNA is the elongation factor Tu (EF-Tu)-catalyzed aa-tRNA selection step of the elongation cycle. During this process, the aa-tRNA adopts a functionally critical intermediate conformation, termed the A/T configuration, which requires a marked distortion of the aa-tRNA centered at the junction between the anticodon and D stems [21] [22] [23] (Fig. 6b) . Similarly, P/P tRNAs have a pronounced distortion centered at the same junction 2, 21, 22, 30, 31 . More specifically, the D stem of the P/P tRNA is partially unwound relative to its anticodon stem, and the tRNA is kinked at a hinge formed by the G26-A44 base pair at the junction between the anticodon and D stems so that it is positioned toward the 50S subunit and slightly toward the A site 2, 30, 31 (Fig. 6b) . Therefore, the stability of the distorted conformation adopted by a particular P/P tRNA could contribute substantially to the stability of GS1 and, consequently, to the k GS1→GS2 of the corresponding PRE −A complex.
Viewed through this lens, the specific interactions that define and stabilize the tertiary structure of a particular tRNA would govern its conformational flexibility and influence the stability of the distorted conformation it adopts within the P/P configuration. For example, the identity of nucleotide 46 in tRNA fMet ( 7 mG46 in tRNA fMet 1 and A46 in tRNA fMet 2 ) might affect the conformational flexibility of tRNA fMet via the highly conserved base-triple interaction between nucleotide 46 and the C13-G22 base pair within the D stem of tRNA fMet (refs. 41,43,44) . Notably, whereas this base triple is observed in ribosome-free tRNA fMet (refs. 41,43,44) , it is apparently disrupted when tRNA fMet adopts the distorted P/P configuration 30, 31 . Because the A46•C13-G22 base triple is weaker than the 7 mG46•C13-G22 base triple [43] [44] [45] , disrupting this tertiary interaction in tRNA fMet 2 is probably less energetically costly than disrupting it in tRNA fMet 1 . Thus, we expect tRNA fMet 2 to be energetically more stable than tRNA fMet 1 when it adopts the distorted P/P configuration within GS1, providing a molecular basis for the observed higher stability of GS1 in PRE −A fMet-2 , and hence its slower k GS1→GS2 , relative to PRE −A fMet-1 . Likewise, perturbations to the D stem of tRNA fMet (as in tRNA D-flip and tRNA D-dis ) might alter the conformational flexibility of the tRNA by directly affecting the structural integrity of the D stem. Nevertheless, it is difficult to predict the effect of particular sequence alteration on the conformational flexibility of a tRNA solely on the basis of the X-ray crystal structure of that tRNA; this is primarily because it is difficult to assess the conformational entropy of a biomolecule using its X-ray crystal structure 46 . For example, the observation that weakening the A11-U24 base pair via the A11C mutation in tRNA D-dis has a smaller effect on k GS1→GS2 than strengthening it via the A11C U24G mutations in tRNA D-flip suggests a complex interplay among the tertiary structure and conformational flexibility of a particular tRNA and the stability of its corresponding PRE −A complex in GS1; additional X-ray structures, smFRET studies and computational simulations will probably be necessary for researchers to fully understand this interplay.
In addition to its role in modulating the stability of GS1, the intrinsic conformational flexibility of the tRNA could directly influence the transition from its P/P to its P/E configuration (see Supplementary  Discussion) . Regardless, on the basis of our data and this discussion, we predict that variations in the structure of tRNA within or near the junction between the anticodon and D stems would influence k GS1→GS2 . Future smFRET experiments to evaluate the effect of systematic mutations within this region of a single tRNA species should allow testing of this hypothesis and a more thorough mapping of the relationship between the stability of this junction and k GS1→GS2 .
As we were completing this article, we became aware of an X-ray crystal structure of a GS2-like ribosomal complex carrying a full-length deacylated P/E tRNA Phe (ref. 47 ). This new X-ray crystal structure provides views at near-atomic resolution of the ribosome-tRNA 1 0 5 0 VOLUME 18 NUMBER 9 SEPTEMBER 2011 nature structural & molecular biology a r t i c l e s interactions and tRNA distortion originally identified at lower resolution through cryo-EM studies of GS2-like PRE complexes 32, 33 and confirms the structural interpretations reported above.
tRNA-mediated PRE complex dynamics may regulate elongation
Collectively, our results demonstrate that the P-site tRNA is a key regulator of PRE complex dynamics. Notably, each PRE −A complex we investigated has unique GS1↔GS2 dynamics ( Table 1) . On the basis of the discussion above, we expect that the particular structural features of each tRNA species differentially regulate the GS1↔GS2 equilibrium. Taking into consideration this point together with data suggesting that the GS1→GS2 transition may be rate limiting for EF-G-promoted translocation 6, 12 and that PRE complexes that preferentially occupy GS2 are more efficiently translocated by EF-G 10,20 , it is possible that incorporation of specific tRNAs at particular codons of an mRNA is used to regulate the rate of translation elongation at those codons. In this view, tRNA-mediated control of the GS1↔GS2 equilibrium could allow selective attenuation of EF-G-promoted translocation and serve as a point of translational regulation (see Supplementary Discussion) . Consistent with this possibility, the observed lower occupancy of GS2 in PRE fMet complexes relative to PRE elong complexes provides a mechanistic rationale for the recent observation that EF-G-promoted translocation of the PRE fMet complex during the first round of translation elongation is slower than EF-G-promoted translocation during subsequent rounds of translation elongation 48, 49 .
Distinct dynamics may reflect unique selective pressures
On the basis of our data, we hypothesize that the dynamics of PRE fMet complexes relative to the PRE elong complexes we studied may arise from the different biochemical functions of tRNA fMet and elongator tRNAs and the distinct selective pressures under which these two types of tRNAs have evolved. The presence of a Watson-Crick or wobble base pair versus a mismatched base pair between nucleotides 1 and 72 of the aminoacyl acceptor stem is the primary feature by which EF-Tu discriminates elongator tRNAs from tRNA fMet during translation elongation 27 . Our results demonstrate that this sequence and structural feature primarily modulates the stability of GS2. In addition, elongator tRNAs undergo distortions at the junction between the anticodon and D stems as the incoming aa-tRNA passes through the A/T configuration during aa-tRNA selection, and as the newly formed peptidyl tRNA is positioned into the P/P configuration after translocation from the A site into the P site. Thus, the conformational flexibility of each elongator tRNA has probably been optimized for, among other things, high-fidelity aa-tRNA selection and translocation of peptidyl tRNA from the A site to the P site. In contrast, tRNA fMet does not undergo aa-tRNA selection into the A site, nor is it loaded into the P site through a translocation event from the A site. Instead, tRNA fMet , with only a single amino acid attached to its aminoacyl acceptor end, binds directly to the P site of the 30S subunit as part of the formation of the 30S initiation complex and adopts the P/P configuration as the 50S subunit joins to the 30S initiation complex during translation initiation 27 . Thus, in contrast to elongator tRNAs, tRNA fMet has an intrinsic conformational flexibility that has been optimized for proper positioning within the 30S initiation complex, participation in the mechanism of 50S subunit joining and maintenance of the P/P configuration even without a bona fide polypeptide at its aminoacyl acceptor end. The selective pressures under which tRNA fMet has evolved relative to elongator tRNAs have generated unique sequence and structural elements in tRNA fMet leading to the properties of GS1↔GS2 dynamics and translocation observed in ribosomal complexes carrying this P-site tRNA.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
